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High-resolution quasi-elastic neutron scattering measurements have been per-
formed on molecular hydrogen in zeolite 13X. Previous NMR measurements
suggested that the freezing temperature is suppressed from 14 K down to 8 K.
In contrast, previous intermediate resolution quasi-elastic neutron scattering
studies suggested freezing occurred between 25 and 35 K. Unfortunately, the
limited instrumental resolution available in the previous quasi-elastic neutron
scattering study was not sufficient to show this point definitively. We report
new quasi-elastic neutron scattering measurements with very high resolution
that show no evidence of mobile hydrogen below 25 K, which is well above the
bulk liquid-solid transition temperature for hydrogen. A quasi-elastic compo-
nent appears between 25 and 30 K indicating the presence of mobile H,.
However, the width and momentum dependence of the quasi-elastic scattering
are much different than would be expected for the diffusive motion of liquid
hydrogen in this temperature range. Instead, we find that a slow diffusive
component representing jumps between well-defined sites appears first at low
temperatures. As the temperature is raised, a faster liquid like diffusive com-
ponent appears.

1. INTRODUCTION

Superfluids are quite rare in nature, with “He and *He at low temper-
ature being the only naturally occurring examples.! The extraordinary
interest generated by the production of atomic Bose condensates® high-
lights the interest in studying new manifestations of superfluids. Thus, the
prediction that molecular hydrogen may become superfluid at around 6 K
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by Ginzburg and Sobyanin® generated a great deal of theoretical and
experimental interest. While this estimate, based on the ideal gas result, is
overly optimistic* since it is based on a simple analytical result, it does
provide a useful order of magnitude for the transition. More realistic esti-
mates’ yield a transition temperature in the range of 2-3 K. Unfortunately,
nature has conspired to keep superfluids a rarity—the liquid-solid transi-
tion in bulk hydrogen® occurs well above the Bose condensation tempera-
ture, preempting any possible superfluid phase at lower temperatures in the
bulk.

Suppressing the solid phase of hydrogen, by supercooling the liquid
below its normal freezing temperature of 13.8 K, offers the only possibility
for observing Bose condensation and much work*>"® has focused on this
possibility. One possible approach, confinement in restricted geometries,
has attracted considerable interest since many systems exhibit a suppressed
freezing transition.® The suppression of the freezing temperature arises
from the competition between volume and surface effects in the nucleation
of the solid phase and is inversely proportional to the pore size. Studies of
hydrogen in Vycor,®'*"* a porous glass with 70 A diameter pores, observed
a suppression of the freezing temperature by as much as a few Kelvin.
Thus, confinement in small enough pores, on the order of 20 A, could
move the freezing temperature below the Bose condensation temperature
allowing a new superfluid to be stabilized.

Zeolites are crystalline materials with well-defined pores on the order
of 10 A interconnected by channels in a crystalline three dimensional
structure. As such, they® ' are a natural step in the possible realization of
superfluid hydrogen. NMR studies®!* of H, in zeolite 13X have reported
a suppression of the liquid-solid freezing temperature to 8 K, approaching
the Bose condensation temperature predicted by Ginzburg and Sobyanin.
However, neutron diffraction studies'® of D,, an isotope of H,, in zeolite
13X showed that the D, molecules are strongly absorbed in specific sites
determined by the zeolite structure. Furthermore, the zeolite-D, interac-
tions supercede D,—D, interactions, which are necessary in the conventio-
nal idea of a solid phase. That is, the absorbed deuterium does not behave
as a conventional solid phase. Instead, the D, atoms occupy well defined
binding sites of the zeolite lattice and are simply a new component of the
zeolite structure itself. Quasi elastic neutron scattering studies,'” which
probe the self diffusion of the hydrogen molecule, support the diffraction
studies. They observed no diffusive motion below 35 K making it unlikely
that a liquid phase exists at lower temperatures. Unfortunately, the
instrumental resolution of the spectrometer used in those studies limited
the minimum diffusivity measurable. Thus they were unable to definitely
state that a liquid, or mobile, phase was absent below 35 K.
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We report here studies of the low-frequency dynamics of H, absorbed
in zeolite with quasi-elastic neutron scattering (QENS). QENS is ideally
suited to observing the diffusive behavior of the molecules. The energy
width of the quasi-elastic scattering is directly related to the diffusion con-
stant and the dependence of the width on momentum transfer provides
information on the type of diffusion (i.e., free diffusion, finite range
hopping, random length hopping, etc.). Zeolite 13X was used as a host
for the hydrogen, as in the previous studies, and the measurements were
carried out using the High Flux Backscattering Spectrometer (HFBS)
at the NIST Center for Neutron Research (NCNR) in Gaithersburg,
Maryland.'® The excellent energy resolution of this spectrometer addresses
the limitations of the previous study and allows extremely slow molecular
motions to be observed.

Our measurements are consistent with the previous neutron diffraction
and QENS studies. They show no evidence of mobile hydrogen below
25 K, which is well above the bulk liquid-solid transition temperature for
hydrogen. A quasi-elastic component appears in the scattering between 25
and 30 K indicating the presence of mobile H,. However, the width and
momentum dependence of the quasi-elastic scattering are much different
than would be expected for the diffusive motion of liquid hydrogen in this
temperature range. Instead, we find that a slow diffusive component repre-
senting jumps between well-defined sites appears first at low temperatures.
As the temperature is raised a faster liquid like diffusive component
appears which is consistent with the variable range hopping observed in
previous measurements.

2. EXPERIMENTAL DETAILS

The High Flux Backscattering Spectrometer'® (HFBS) operates with a
fixed final beam energy of 2.08 meV, determined by the d-spacing of the
(111) lattice planes of the silicon analyzer. The spherically focusing
analyzer system, composed of a large array of Si (111) wafers subtending
20% of a solid sphere, backscatters the neutrons into 16 independent
detectors located from about 15 to 120° with respect to the incident beam.
The incident beam is focused to 2.08 meV with a phase space transform
chopper before being varied in energy with a Doppler monochromator and
sent through the sample. The Doppler monochromator consists of a silicon
monochromator connected to a Doppler drive which varies the incident
beam’s energy by +26 peV about 2.08 meV. The HFBS, with a resolution
of ~ 1 peV, is designed to provide ultra-high resolution measurements of
low-frequency dynamic systems. By comparison, previous QENS studies of
this system have been carried out with resolutions of 75 peV.
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The zeolite used in this study was commercially available 13X"®
crushed into a powder. Zeolite 13X consists of a rigid backbone composed
of silicon, aluminum, and oxygen with a Si/Al ratio of 1.24. A zeolite 13X
crystal has a face centered cubic structure (space group Fd3) with unit cell
dimensions of 25 A per side."® The structure consists of approximately 13 A
diameter cavities connected by channels with diameters of approximately
10 A. The powdered zeolite crystals were heated to 500 K in vacuum for
several hours to remove impurities, primarily water, and were then
confined to the geometry of a thin slab whose normal was oriented at 45°
with respect to the incident beam. The cell was then mounted in a standard
“orange” cryostat to allow measurements at low temperatures.

Normal hydrogen gas (n-H,) was introduced to the sample cell at 60 K
and 1bar. Previous measurements'®'” have shown that loading at this
pressure is sufficient to completely fill the first monolayer. The n-H, was
then pumped away and the cell temperature was decreased to 20 K for the
first measurement. Measurements were taken at temperatures ranging from
5 to 70 K which were kept within 0.1 degrees of the desired values during
the course of each measurement. The cell was vacated of hydrogen as the
temperature was raised to 200 K. The empty zeolite sample was then
cooled to 5K and data was taken against which the measurements in the
presence of H, would later be compared. The empty zeolite data provided
a completely elastic scattering peak from which the instrumental resolution
of about 1 peV (FWHM of the peak) could be determined.

The raw scattering data was converted to the dynamic scattering
function, S(Q, E) using standard techniques. Ortho-para conversion of the
n-H, was not taken into account in the analysis. The HFBS spectrometer
utilizes a Doppler monocromator to select the incident energy. This
monochromator, which operates at ~ 10 Hz, allows a complete measure-
ment of the scattering to be carried out every 0.1 s. Subsequent measure-
ments increase the statistics of the measurements. This time scale is suffi-
ciently fast that ortho-para conversion, which occurs on a much slower
time scale, will not change the shape of the quasi-elastic scattering from
which the diffusion constant is extracted. In addition, Rall et al.?’ have
shown that the ortho-para conversion of H, confined in zeolite 13X is sig-
nificantly slower than in the bulk for the first 500 h of confinement. Thus,
during the time scale of our measurement (~ 100 h) the ortho-para con-
centrations would have changed by only ~ 15%.

! Manufacturers are identified in order to provide complete identification of experimental
conditions, and such identification is not intended as a recommendation or endorsement by
NIST.
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3. RESULTS AND ANALYSIS

Figure 1 depicts the observed scattering, with an emphasis on the
broadening of the elastic peak as a function of temperature. As can be
seen, no quasi-elastic scattering is present for temperatures between 5 and
25 K. The peak at 20K is identical to the resolution of the instrument
indicating that no diffusive motion is occurring. As the temperature is
increased quasi-elastic scattering from the hydrogen appears indicating dif-
fusive motion of the hydrogen on the timescale of about 0.4 ns. As the
temperature is increased the quasi-elastic scattering broadens indicating an
increase in the diffusion rate. Finally, at 70 K, the scattering becomes too
broad for the dynamic range of the instrument and shows up only as an
apparent increase in the background level.

The scattering shown in Fig. 1 can be characterized by an elastic peak
and a quasi-elastic-scattering component. The elastic scattering is a delta-
function in energy and represents immobile hydrogen and the scattering
from the confining zeolite. The quasi-elastic scattering is broader than the
narrow elastic peak and is readily visible at intermediate temperatures.
At higher temperatures the scattering becomes sufficiently broad that it
appears as an increase in the background level of the measurement. We
have fit the scattering using a three component model scattering function
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Fig. 1. The scattering from H, in zeolite at several temperatures
between 5 and 70 K. The temperatures of the measurement are iden-
tified in the figure legend. The elastic scattering around E = 0 has been
truncated to allow the quasi-elastic to more easily be seen.
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—a narrow Gaussian component representing the elastic scattering,
a Lorentzian component representing the quasi-elastic scattering, and a
linear term to account for the background level. This model scattering
function is convolved with the experimental resolution, determined from
the low temperature empty cell measurements, and fit to the data using
standard fitting procedures. A typical fit to the data is shown in Fig. 2. As
can be seen this model provides excellent agreement with the experimental
results. Similar quality fits are obtained at each detector angle and at each
temperature.

The momentum transfer (Q) dependence of the width of the quasi-
elastic scattering peak provides useful information not only on the diffu-
sion constant but also on the diffusion mechanism. The Lorentzian
FWHM for each detector is plotted versus Q for measurements at 40 K in
Fig. 3. As can be seen the width increases rapidly at small Q and then
oscillates about a fixed value at larger Q’s. The results show this behavior
for temperatures from 25 to 50 K. At 50 K the scattering is becoming very
broad, compared to the dynamic range of the instrument, and the oscilla-
tions are less pronounced as shown in Fig. 4. Above 50 K the scattering
becomes sufficiently broad, compared to the dynamic range of the instru-
ment, that it is difficult to extract accurate parameters and we have not
attempted to do so.
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Fig. 2. Observed scattering at 30K and Q=0.25A"". The
solid line is a fit to the data of the model discussed in the text
broadened by the measured instrumental resolution. The
heavy dashed line shows the elastic component and the light
dashed line shows the Lorentzian component. Both compo-
nents have been broadened by the instrumental resolution.
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Fig. 3. The Lorentzian FWHM, extracted from fits of the
model scattering to the data as a function of Q, at 40 K. The
solid line is a fit of the Chudley-Elliot diffusion model. The
dashed line is a fit of the Variable Jump Length diffusion
model.

The behavior of the scattering widths for temperatures between 30 and
40 K as a function of momentum transfer was modeled using the Chudley—
Elliot model of translational jump diffusion with a fixed jump length.?
Although originally developed to explain diffusion in a liquid, the model
can be applied to solid state systems as well.” For our purposes, since we
used powdered zeolite, the jump diffusion model averaged over all space
was used. In this model,

sin Q¢\ 12-7i- D, 1 sin Q¢
_Q€>_ e <_Q€>’

where A(Q) is the full width at half maximum of the Lorentzian, £ is the
fixed jump length, 7 is the residence time at any given site, and D, is the self-
diffusion constant.?? Figure 3 shows the results of a fit of the Chudley—
Elliot diffusion model to the 40 K scattering data. As can be seen this
model reproduces the main features of the data and provides a relatively
good fit at temperatures of 30, 35, and 40 K. The diffusion coefficient, D,,
and the jump length, ¢, determined from the fitting parameters are listed in
Table I.

g
A@ =221
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Fig. 4. The Lorentzian FWHM, extracted from fits of the model
scattering to the data as a function of Q, at 50 K. The solid line is a
fit of the Chudley-Elliot diffusion model. The dashed line is a fit of
the Variable Jump Length diffusion model.

Table 1

The Diffusion Coefficients and Jump Lengths Extracted from Fits to the Width as a Function

of Momentum Transfer at Various Temperatures. The Column Labeled Model Refers to the

Models Used to Determine These Parameters. The Chudley-Elliot (CE) Model and Variable
Jump Length (VIL) Models Are Discussed in the Text

Temperature (K) Model  Diffusion coefficient (107"° m?/s)  Jump length (A)

30 CE 2.84 + 0.40 8.63 + 0.55
35 CE 3.10 + 0.58 8.60 + 0.74
40 CE 4.98 + 0.70 8.86 + 0.60
50 CE 39+2.0 6.2+1.3

VIL 23+12 4.0+1.5
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Previous studies of H, in zeolite by Fu, Trouw, and Sokol'” observed
quasi-elastic scattering at comparable temperatures (35-40K). Their
results could be modeled with a variable length jump diffusion model®

12-%-D, 1
2@ =252 (1)

where [, is a characteristic jump length. This model assumes a distribution
of jump lengths

l
d(e) = 6_2 e_[/éo

0

rather than a single fixed jump length as in the Chudley—FElliot model. A fit
of the 40 K data to the variable length jump model is also shown in Fig. 3.
As can be seen this model does not qualitatively reproduce the observed Q
dependence.

The 50 K data exhibits behavior that is qualitatively different from
that at lower temperatures. Due to the broad width of the scattering,
compared to the dynamic range of the instrument, the extracted widths
have significantly larger experimental errors. At the same time, the oscilla-
tion of the width, which is quite evident at lower temperatures, is much less
pronounced. Figure 4 shows a fit of both the Chudley-Elliot and the vari-
able length jump models to the experimental results. The Chudley-Elliot
model gives a slightly better statistical fit. However, both models provide
an adequate description of the data due to the large experimental errors.

While the Chudley—Elliot model provides an adequate description of
the 50 K results the diffusion constant that it yields exhibits unphysical
behavior. As can be seen in Table I the diffusion constant from the
Chudley—FElliot model decreases by 20% as the temperature is raised from
40 to 50 K. This is in contrast to our physical expectations and to the trend
of the lower temperature data. The variable jump length model, in contrast,
yields a diffusion constant that increases with temperature. In fact, the dif-
fusion constant obtained from the variable jump length model is in good
agreement with previous measurements. We believe that this indicates a
change in the diffusion mechanism from a fixed length Chudley—Elliot type
diffusion to a variable jump length diffusion between 40 and 50 K.

The diffusion coefficients obtained from the above fits, as well as the
results obtained by Fu, Trouw, and Sokol,'” are shown in Fig. 5. As can be
seen both our results and the previous studies exhibit thermally activated
behavior, D = Dye /T, The previous studies extracted a thermal activation
energy of A=62+11K and a prefactor of D, = (1.20+0.27) x 1072 m?/s.
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Fig. 5. The diffusion coefficients resulting from the Chudley—Elliot
diffusion model are plotted as circles in a semi-log plot. The diffu-
sion coefficients from the paper by Fu, Trouw, and Sokol' are
shown as boxes. The solid lines represent logarithmic fits to the
respective data. Our diffusion constant for the 50 K data (not
included in the fit) shows a change in the diffusion mechanism from
the lower temperatures.

Our result at 50 K is consistent with these measurements. At lower tem-
peratures (3040 K) we also observe temperature dependence consistent
with a thermally activated behavior. However, due to the limited range
of temperatures the behavior might also be consistent with other models
for the temperature dependence. Assuming a thermally activated behavior
we obtain A=76+33K and D, =(3.1942.5) x 10~° m?/s. The activation
energy for these lower temperature measurements is, within the rather large
experimental error, the same as for the higher temperature measurements.
The prefactor, on the other hand, is nearly an order of magnitude smaller.

4. DISCUSSION

The fixed-length jump diffusion observed at lower temperatures (30,
35, and 40 K) can be understood in terms of the structure of the confining
zeolite. The zeolite crystal structure, obtained from the measured atomic
coordinates and space group,' is shown in Fig. 6. The segment shown in
the figure is one of the many 13 A diameter cavities, which comprise
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zeolite, as seen through a channel. Neutron diffraction studies'® showed
that D, was strongly absorbed in two specific binding sites within the
zeolite structure. Of the two sites, designated sl and s2, sl had a larger
binding energy (~ 80 K) than s2 (~ 40 K). The diffraction studies did not,
however, identify the crystallographic location of the binding sites.

Based upon the diffraction studies and the known structure of zeolite
we have tentatively identified the crystallographic locations of the binding
sites. We propose that the sl binding site is located within the 13 A cavity
and has a multiplicity of four per cavity arranged in a tetrahedral manner
and is shown in Fig. 6. The s2 binding site is located adjacent to the
channel openings in the cage and is not shown in the figure. Although a
complete structural determination of the sites sl and s2 via Reitveld

Fig. 6. A view of a single zeolite cage is shown as peering through a channel
opening. These openings are located in a tetragonal manner about each cage.
Each cage has four adjacent cages connected to these openings. The openings
line up in such a way as to create channels that extend throughout the entire
structure. The four sl binding sites per cage are also shown, located directly
opposite the openings and 8.7 A away from adjacent sites. The s2 binding
sites are not shown in the interest of clarity of the figure. They are situated
along the channels and number six per cage.



182 J. DeWall, R. M. Dimeo, and P. E. Sokol

refinement®?’ was not performed, the locations of the proposed sl and s2
sites were correlated empirically by comparing the published diffraction
patterns of D, in zeolite® to diffraction patterns generated with the Gen-
eralized Structure Analysis System (GSAS)?. The proposed binding sites
give good agreement with the published diffraction patterns.

The sl binding site shown in Fig. 6 has multiplicity of four per cavity
arranged in a tetrahedral manner and separated by 8.7 A. This corresponds
well to the fixed jump length of £ =8.70+0.37 A which we observe for our
lower temperature measurements. Thus, we believe that the slow diffusion
process we observe is jump diffusion between sl sites. The diffraction
studies also identified these sites as having the higher binding energy, which
more likely corresponds to the relatively slow diffusion mechanism seen in
this paper.

The diffusion constants shown in Fig. 5 show two distinct regimes,
a slow diffusion between 30 and 40 K, and a more rapid diffusion above
35 K. In general, we would expect the previous measurements of Fu et al.,"’
with a resolution of 75 peV, to observe only the rapid diffusion. The slow
diffusion component, due to its much smaller width, would appear as part
of the elastic peak. Likewise, in this measurement with its excellent energy
resolution (~ 1 ueV) we would expect to see only the slow diffusion com-
ponent. The rapid diffusion observed by Fu ef al., has a width on the order
of 100 peV which is much larger than the dynamic range of the instrument
(+£26 peV). We would not expect to observe quasi-elastic scattering asso-
ciated with this rapid motion since the signal would not appear as a peak
but simply as an increase in the background level.

We do, however, observe the rapid diffusion component in this mea-
surement at the highest temperature studied. However, the parameters we
extract from our fit to the quasi-elastic widths are quite different than
obtained in the previous low-resolution studies. Fu et al. extracted a single
value for the characteristic jump length of ¢, = 1.2+0.4 A. The value we
extract from our fit at 50 K 4.0+ 1.5 A. Likewise, Fu et al. found a resi-
dence time at 50 K of 4.5 ps while we find 11.1 ps. As stated earlier, it is not
possible to see the same range of dynamics with the HFBS instrument as
was seen by Fu ef al. Even so, it is possible that we are seeing the low
frequency dynamics of the same process, which would explain the correla-
tion of diffusion coefficients in spite of differences in residence times and
jump lengths.

5. CONCLUSIONS

In conclusion, we observe no diffusive motion below 30 K. Certainly,
we see no diffusion characteristic of a traditional liquid phase within the
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pore. We do observe a slow diffusive motion, characterized by a fixed
length diffusion model, between 30 and 40 K. This motion is consistent
with hopping between absorption sites within the zeolite pore. Above 40 K
the simple fixed jump length model no longer provides an adequate physi-
cal description of the results. However, the variable jump length model
employed in previous measurements does provide a reasonable description
of the results and the extracted diffusion constant agrees well with the pre-
vious measurements.

These studies show that the hydrogen molecules in the zeolite at low
coverage are strongly localized to specific absorption sites in the zeolite
framework. This is evident from the site-to-site hopping and the low diffu-
sion observed in this measurement. It is very unlikely that sufficient overlap
of the hydrogen wavefunction would occur to allow Bose condensation.
This is consistent with the conclusions reached in the structural studies of
Fang et al.'® Furthermore, Fang’s results at fillings up to full pore suggest
that the hydrogen in the zeolite is always strongly localized to specific
absorption sites. The two sites, sl and s2, identified by Fang et al. account
for all hydrogen in the pores. At any temperature where Bose condensation
could be expected to occur these studies show that the hydrogen is strongly
localized to specific sites. These studies and the quasi-elastic scattering
studies of Fu ef al.'” support this interpretation. Thus, it is unlikely that
zeolites, such as 13X, will be successful as a host for the observation of
Bose condensation in hydrogen.
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